The concept of anti-inflammation is currently evolving with the definition of several endogenous inhibitory circuits that are important in the control of the host inflammatory response. Here we focus on one of these pathways, the annexin 1 (ANXA1) system. Originally identified as a 37 kDa glucocorticoid-inducible protein, ANXA1 has emerged over the last decade as an important endogenous modulator of inflammation. We review the pharmacological effects of ANXA1 on cell types involved in inflammation, from blood-borne leukocytes to resident cells. This review reveals that there is scope for more research, since most of the studies have so far focused on the effects of the protein and its peptido-mimetics on neutrophil recruitment and activation. However, many other cells central to inflammation, e.g. endothelial cells or mast cells, also express ANXA1: it is foreseen that a better definition of the role(s) of the endogenous protein in these cells will open the way to further pharmacological studies. We propose that a more systematic analysis of ANXA1 physio-pharmacology in cells involved in the host inflammatory reaction could aid in the design of novel anti-inflammatory therapeutics based on this endogenous mediator.
Background
It is now well appreciated that, during the host inflammatory response, there are several endogenous anti-inflammatory pathways that operate to down-regulate and maintain under control over this response. Thus, the concept of anti-inflammation has recently been developed, to describe the balance that exists between pro-inflammatory pathways and anti-inflammatory mediators that operate in concert to initiate, maintain, and finally resolve the inflammatory reaction. Anti-inflammatory mediators can operate at several stages of the inflammatory response such that blockade of their actions or ablation of their presence by means of gene deletion can produce an inflammatory response of higher intensity or of more prolonged duration (Fig. 1 ). Besides functioning in inhibitory circuits which dampen specific inflammatory responses (e.g. oedema formation or leukocyte recruitment), anti-inflammatory agonists can also activate apoptosis itself as well as phagocytosis of apoptotic cells; such effects ensure the normally transient nature of the inflammatory response. Finally, another important concept is that anti-inflammation is an active phenomenon such that a given anti-inflammatory mediator will in turn activate target cells to switch to an anti-inflammatory phenotype.
There are several examples of anti-inflammatory agonists including low molecular weight molecules, ranging from adenosine to lipoxins, and more complex substances, from galectins to melanocortins (Perretti 1997, McMahon , Lawrence et al. 2002 , Catania et al. 2004 , Gilroy et al. 2004 . Historically, the first anti-inflammatory mediator to be identified and exploited for therapeutic use was cortisol. The seminal work of Hench and colleagues (1949) revealed the pivotal role of cortisol in man, and corticosterone in rodents, as a regulator of the symptoms of several chronic inflammatory pathologies. In the late 1970's, Allan Munck et al. (1984) , after reviewing all experimental data obtained with the use of natural and synthetic glucocorticoids, proposed that endogenous glucocorticoids (GC) had the major function of preventing the host inflammatory reaction from over-activation. Therefore, these hormones are endogenously released to ensure the inflammatory response subsides and causes the least damage to the host. These investigations have led to the widespread and sometimes life-saving use of synthetic GC derivatives which mimic the action of the endogenous anti-inflammatory mediator (or hormone in this case).
In the present review we focus on annexin 1 (ANXA1) as an anti-inflammatory mediator. Originally identified as a GC-inducible 37 kDa protein and termed lipocortin (Di Rosa et al. 1984) , ANXA1 inhibited phospholipase A 2 (PLA 2 ) activity and hence prostaglandin (PG) generation from perfused lungs and activated macrophages (Flower 1988) . The protein was cloned in 1986 (Wallner et al. 1986 ) and subsequently shown to inhibit the acute inflammatory response (Cirino et al. 1989 ). Further work indicated that the full-length protein or peptido-mimetics derived from the N-terminal region, retained anti-inflammatory activity in models insensitive to inhibitors of lipid metabolism (Perretti et al. 1993a , Perretti & Flowers 1993 . These pharmacological studies opened the way to further work highlighting the novel effects of this protein on several blood cell types. Furthermore, passive immunisation strategies (Perretti et al. 1996a ) and the development of ANXA1 null mice (Hannon et al. 2003) have allowed a better definition of the roles played by the en-dogenous protein in several cellular functions, including phagocytosis, extravasation, and mediator generation. Over the past decade, our own studies have detailed the mobilization and the function that this protein plays with respect to the process of neutrophil recruitment, so much that we now refer to the "annexin 1 system" as an endogenous biochemical process that operates in the context of the adherent, extravasating neutrophil (Perretti 2003) . However, it is well accepted that ANXA1 can affect several other cell types and systems as well, as recently reviewed (John et al. 2004 , Parente et al. 2004 , Perretti & Flower 2004 ). In the present review, we will restrict our analysis to the pharmacological actions reported for exogenously administered ANXA1 or peptido-mimetics (e.g. the N-terminal derived peptide Ac2-26) to cells relevant to the inflammatory process.
ANXA1 actions on monocytes and macrophages
ANXA1 has been shown to be expressed by many different tissue specific macrophages including alveolar (Ambrose et al. 1992 , De Caterina et al. 1993 , peritoneal (Peers et al. 1993) , and synovial macrophages (Yang et al. 1998 ) as well as microglial cells (Minghetti et al. 1999 ), suggesting a regulatory role for the molecule in macrophage activity in general, that is not confined to any given tissue type. The constitutive expression of ANXA1 mRNA and protein by macrophages has been shown reproducibly by many authors to increase following exposure to GC in vitro and in vivo (Ambrose et al. 1992 , De Caterina et al. 1993 , Peers et al. 1993 , Perretti & Flower 1996 , Yang et al. 1998 , Hall et al. 1999 .
The GC responsiveness of monocyte-derived cells is dependent upon their differentiation status. Terminally differentiated macrophages such as human alveolar macrophages synthesise increased amounts of ANXA1 in response to GC treatment both in vitro (Ambrose et al. 1992 ) and in vivo (De Caterina et al. 1993 ) when compared to their peripheral blood monocyte precursors. Cellular sensitivity to GC therefore, is acquired during differentiation from blood monocyte to tissue macrophage and has been modelled in human U-937 monocytic cell lines, where GC induction of ANXA1 is only achieved when these cells are differentiated with phorbol ester (Solito et al. 1991) .
Whilst endogenous ANXA1 is modulated by GC treatment, several studies have examined the role of exogenous ANXA1 and its derived peptides on various aspects of monocyte and macrophage inflammatory activity. Similar to neutrophil recruitment, the ANXA1-derived peptide Ac2-26 down-regulates the accumulation of monocytes in zymosan-induced peritonitis (though repeated administrations were required), as well as inhibiting the phagocytic activity of resident peritoneal macrophages (Getting et al. 1997 ). However, recombinant ANXA1 inhibited the adhesion of U-937 monocytic cells to bone marrowderived microvascular endothelial cells, an effect that is mediated by the α 4 β 1 integrin . Furthermore, studies using U-937 cells over expressing ANXA1 demonstrated a reduced trans-endothelial migration in response to a specific chemokine in vitro and an inhibition of cell accumulation in rheumatoid synovial grafts transplanted into SCID mice (Perretti et al. 2002b ). Interestingly, U-937 cells transfected with an ANXA1 sense construct were more susceptible to both spontaneous and TNF-α-induced apoptosis . Similar studies using stably transfected RAW 264.7 murine macrophages, showed that over-expression of ANXA1 results in constitutive activation of Erk, but not other related MAP kinases, P38 and c-Jun N-terminal kinase resulting in an inhibition of cellular proliferation (Alldridge et al. 1999) . These effects were shown to occur via disruption of the actin cytoskeleton and involved the adaptor protein Grb-2 in the ANXA1-mediated effect on Erk activation (Alldridge et al. 2003) .
There are numerous studies establishing that macrophage-derived inflammatory mediators can be inhibited by GC in an ANXA1-dependent manner by the application of immunoneutralisation strategies, including TNF-α and PGE 2 release from human PBMC (Sudlow et al. 1996) and nitric oxide generation by rat synovial macrophages (Yang et al. 1998) . In a single study, human recombinant ANXA1, as well as ANXA1 purified from human peripheral blood mononuclear cells (PBMC) or mouse lung inhibited iono- Fig. 1 : the concept of resolution and inflammatory pathology. This scheme summarises the concept behind the study of antiinflammation. It is proposed that the physiological scenario (1) is observed when a pro-inflammatory phase of inflammation is followed by an active phenomenon of resolution. Inflammatory pathology could be due to an overshooting of the pro-inflammatory phase (2) or by a lack of active resolution, with consequent prolongation of the inflammatory aetiology and symptoms (3). It is worth noting that scenario no. 2 could also due, at least in part, by lack of activity of anti-inflammatory mediators, tonically active to down-regulate the pro-inflammatory phase (classical example being the one of glucocorticoids, in view of the exacerbation of the response observed after adrenalectomy (Flower et al. 1986 , Perretti et al. 1989 ). phore-stimulated supoeroxide release by guinea pig alveolar macrophages (Maridonneau-Parini et al. 1989 ), however, such studies using the naturally occurring protein are rare and likely reflect the difficulty in obtaining pure and biologically functional ANXA1. Use of more stable, short N-terminal derived peptides has helped overcome this problem. Indeed, peptide Ac2-26 inhibited phagocytosis of immune complexes (Goulding et al. 1998 ) as well as superoxide generation (Euzger et al. 1999 ) by human monocytes.
Several authors have reproducibly shown an inhibitory effect of exogenous ANXA1 on the macrophage nitric oxide system. Dexamethasone-induced synthesis of annexin-like proteins by J774 murine macrophages inhibited LPS-induced nitric oxide production and expression of inducible nitric oxide synthase (D'Acquisto et al. 1997) . Similar studies with J774 cells showed identical results using a truncated peptide fragment of ANXA1, residues 1-188 when pre-incubated for 1 h prior to LPS challenge (Wu et al. 1995) and with recombinant ANXA1 and peptide Ac2-26 in J774 cells (Ferlazzo et al. 2003 ) and LPSprimed primary rat alveolar macrophages (Kamal et al. 1998) . Interestingly, inhibition of nitric oxide release and inducible nitric oxide synthase expression by recombinant ANXA1 were associated with dose and time-dependent increases in IL-10 protein and a concomitant reduction in IL-12 mRNA (Ferlazzo et al. 2003) providing new insights in to the potential mechanism of inhibition of nitric oxide synthesis in macrophages.
ANXA 1 actions on lymphocytes
Despite the well-documented biological activity of ANXA1 with respect to neutrophil and monocyte/macrophage pro-inflammatory activity, there is as yet sparse information regarding the role of ANXA1 in lymphocyte function. Human ) and murine (Perretti et al. 1993b ) lymphocytes do not appear to possess binding sites/receptors for ANXA1 and express only modest amounts of the protein (Morand et al. 1995 , Perretti & Flower 1996 . Human B-lymphocytes do not seem to express ANXA1 at all, whereas one lymphocyte subset, CD56 + natural killer cells, express a large amount of ANXA1 (Morand et al. 1995) .
Most studies investigating the effects of exogenous ANXA1 on lymphocytes have focussed on the anti-proliferative activity of the molecule. Recombinant ANXA1 and peptides derived from its primary sequence have been shown to exhibit anti-proliferative activity on mitogenstimulated T cell lines and human PBMC. Purified ANXA1 suppresses the proliferation of murine thymocytes (Hirata et al. 1983) , and recombinant ANXA1 and the synthetic peptide antiflamin-2 (AF-2; corresponding to amino acid sequence 246-254) inhibit IL-1-stimulated activity in murine Th2-like cell lines (Sierra-Honigmann et al. 1992 ). Recombinant ANXA1 also demonstrates anti-proliferative activity in mitogen-stimulated human PBMC cultures (Almawi et al. 1996 , Koseki et al. 1997 ). In addition to mitogen-driven lymphocyte proliferation, ANXA1 can also modulate antigenically stimulated T-lymphocytes. Activation of rat myelin basic protein-specific T cell lines by autologous antigen presenting cells was inhibited by prior incubation of the latter cells with human recombinant ANXA1, whereas ANXA1 was ineffective at inhibiting IL-2-driven proliferation of these T cell lines subsequent to antigen-specific activation (Gold et al. 1996) . Such findings suggest that ANXA1 exerts an anti-proliferative effect by specifically interfering with the process of antigen presentation. This is supported by studies demonstrating inhibition of antigen-driven human Th1 and Th2-like cell line proliferation by the ANXA1 N-terminal peptide Ac2-26 and AF-2, where the inhibitory effects of the peptides are lost when proliferation is induced by lectins such as PHA (Kamal et al. 2001) . Interestingly, despite these potent effects on T lymphocyte proliferation, ANXA1 does not appear to modulate the expression of lymphocyte adhesion molecules such as CD2 and LFA-1 .
ANXA 1 actions on polymorphonuclear leukocytes
The pharmacological effects of ANXA1 on the neutrophil are probably the best characterised. This is particularly true for in vivo models of neutrophil recruitment (see Perretti 1998 for a review) as well as for models of pathology in which movement of blood-borne neutrophils occurs (Cuzzocrea et al. 1997 , Yang et al. 1997 , D'Amico et al. 2000 , La et al. 2001 .
Until recently, there have been few investigations on the direct effects of ANXA1 on neutrophils in vitro. An initial study with human neutrophils demonstrated the ability of peptide Ac2-26 to inhibit cell activation as assessed by arachidonate release, enzyme release and adhesion to endothelial monolayers irrespective of the stimulus applied . Some if not all of these effects have also been reported for ANXA1 as well as for AF-2 (Zouki et al. 2000) . Thus, it seems that at least two distinct regions of the ANXA1 sequence are able to mimic the inhibitory actions of the parent molecule on the neutrophil. Another interesting study has recently opened a new approach to ANXA1 biology. Walther et al. (2000) have described the ability of peptide Ac2-26 to cause transient calcium fluxes and L-selectin shedding in human neutrophils. These effects were associated with a reduced degree of cell transmigration in vitro. More importantly, with the use of non-selective antagonists and transfection systems, these in vitro analyses indicated a functional interaction between the ANXA1-derived peptide and the receptor for formyl peptides (FPR) (Walther et al. 2000) . However, as is the case with many aspects of ANXA1 biology, the situation is quite complex. Human FPR is the proto-type of a family of seven trans-membrane G protein coupled receptors, with two other members identified to date, FPR-like-1 (FPRL-1) and FPR-like-2 (FPRL-2) (Le et al. 2002) . Subsequent in vitro and in vivo experimentation, not only with peptide Ac2-26 but also with human recombinant ANXA1, supported a direct interaction with FPRL-1, also known as the lipoxin A 4 receptor (ALXR) (Perretti et al. 2002a ). In addition to binding assays showing competition between lipoxin A 4 , ANXA1, and N-terminal-derived peptides [as well as with human serum amyloid A, another agonist for this receptor (Su et al. 1999) ], a direct protein:protein interaction between endogenous ANXA1, and ALXR was also ob-served as shown by immunoprecipitation (Perretti et al. 2002a) . The issue of the ANXA1 receptor or receptors requires further investigation, since the cell and tissue distribution of this family of receptors shows considerable variation, at least in the mouse (Gao et al. 1998 ). In any case, it is clear that identification of a specific receptor target can facilitate the development of ANXA1 mimetics. With respect to the human neutrophil, the current understanding would suggest that ALXR appears to be a good potential candidate.
Irrespective of the molecular target, the ability of peptide Ac2-26 to cause transient calcium fluxes and L-selectin shedding in human neutrophils (Walther et al. 2000) has also been confirmed for human recombinant ANXA1. Cell incubation with peptide Ac2-26, ANXA1 and a chimeric protein containing the ANXA1 N-terminal region attached to the core domains of ANXA5, also produced transient calcium fluxes and L-selectin shedding , as well as the first demonstration of ANXA1-driven apoptosis in human neutrophils. Linked to the effects seen with U-937 cells (discussed above in the monocyte/ macrophage section), ANXA1-induced neutrophil apoptosis may have a major impact on the action of this mediator in the context of acute and chronic inflammation . Again, a new and hitherto unappreciated aspect of ANXA1 biology may be explored as a result of these observations. For instance, experimental evidence in animal models as well as in humans indicated marked presence of ANXA1 in inflammatory exudates (Ambrose et al. 1990b , Smith et al. 1990 , Vergnolle et al. 1995 ), suggesting a physiological role for ANXA1 in modulating neutrophil survival at sites of inflammation. In situ hybridization analysis showed de novo ANXA1 synthesis in extravasated neutrophils (Oliani et al. 2001a ) supporting the concept of feedback control on neutrophil activity. Clearly, any effect favouring neutrophil apoptosis or removal of apoptotic cells promotes mechanisms of anti-inflammation and activates pathways crucial to control the host inflammatory response (Ward et al. 1999) .
Not many studies have investigated ANXA1 effects in the eosinophil. Human eosinophils express ANXA1 though at a lower level compared to the neutrophil (Oliani et al. 2001b (Oliani et al. , 2002 . Rodent models suggest a lack of involvement for endogenous ANXA1 in the GC inhibitory actions on eosinophil trafficking in response to allergen challenge (Das et al. 1997) or chemokine application (Teixeira et al. 1998 ). However, it is likely that more investigations are required, perhaps on other species or with human cells in vitro, before discarding any function for ANXA1 on this leukocyte type. Interestingly, treatment of human eosinophils with the GC fluticasone produces ANXA1 externalization and this is functionally and temporally related to inhibition of phospholipase A 2 translocation into the nucleus and leukotriene release (Sano et al. 1999) . Finally, the analogies between ANXA1 and lipoxin A 4 described in the neutrophil (and discussed above) together with the receptor-mediated effects of this lipid on eosinophil trafficking (Bandeira-Melo et al. 2000) , imply a need for a more systematic investigation.
ANXA 1 actions on other cells
In this final section we briefly review the relatively few studies that have investigated the physio-pharmacological role of the ANXA1 system in other cells relevant to the inflammatory process. The paucity of experimental data should not be taken as an indication of lack of efficacy, but rather, should favour future novel investigations. The fact that endothelial cells, epithelial cells, mast cells and synoviocytes express ANXA1 suggests a functional role for this protein in these cells. It remains to be seen if these putative effects could also be replicated with pharmacological treatment with ANXA1 or its mimetic.
Endothelial cell -This cell type expresses ANXA1, in part with a nuclear localization (Raynal et al. 1992 ). The protein does not seem to be mobilized during the short time frame (15-30 min) of the neutrophil adhesion assays (Perretti et al. 1996b) , however it is possible that changes may be evident over longer periods. For instance, in an in vivo model of inflammation, endothelial ANXA1 levels increase following neutrophil diapedesis as observed 4 hours post-carrageenin injection (Oliani et al. 2001a) . Even less has been done in terms of endothelial cell functions. Two studies demonstrated the lack of effect of ANXA1 and its peptides (both Ac2-26 and AF-2) on endothelial cell adhesion molecule expression, despite reporting their ability to inhibit neutrophil adhesion molecule expression (hence cell adhesion) in co-culture conditions , Zouki et al. 2000 . However, another study has reported that AF-2 inhibits prostanoid generation by an endothelial cell line (ECV340 cells) stimulated with lipopolysaccharide (Moreno 2001) .
Epithelial cell -Prompted by the original observation that epithelial cells express ANXA1 which could be modulated by GC treatment (Ambrose et al. 1990a ), most studies have analysed ANXA1 effects on A549 cells, an epithelial lung adenocarcinoma cell line, reminiscent of lung type II epithelial cells. Similar to the lymphocyte data discussed above, most studies on ANXA1 and A549 cells have focused on cell proliferation. In this context, the protein was shown to possess antiproliferative actions and mediated the anti-proliferative effects of GC (Croxtall et al. 1992) . The model proposed was that GC addition to A549 cells resulted in ANXA1 translocation to the membrane compartment and subsequent externalization: the membrane-bound pool of the protein inhibited prostaglandin release by affecting cytosolic phospholipase A 2 activation through an effect of epidermal growth factor signalling, thereby blocking cell proliferation (Croxtall et al. 1992 (Croxtall et al. , 1994 . There was no indication of a receptor mediated-mechanism however it is of interest that most if not all of these effects could be reproduced with peptides drawn from the ANXA1 N-terminal region (Croxtall et al. 1993 (Croxtall et al. , 1998 . Recent indication suggest that the effects of peptide Ac2-26 on A549 cells are also mediated by FPR (Rescher et al. 2002) , though the question of the specific receptor mechanism responsible for ANXA1 effects remains open also on this cell type (Perretti 2003) .
Mast cell -This important resident cell, often found in the perivascular tissue, expresses ANXA1. The level of expression is not marked (especially if compared to neutrophils or epithelial cells) but it can be modulated by GC . Importantly, inflammation increases ANXA1 expression with a peculiar pattern of expression, i.e. formation of clusters of immuno-reactivity within specific mast cell cytoplasmic granules . Different degrees of ANXA1 expression and susceptibility to modulation by an allergic stimulus has been found between connective tissue and mucosal mast cells (Damazo et al. 2004 ). Even less is known regarding the role of exogenous ANXA1 on mast cell function. A single study has reported mast cell derived ANXA1 as mediating the stabilising effect of interleukin-2, determined as inhibition of histamine release (Tasaka et al. 1994 ). Due to the pivotal location of the mast cell and its role not only in initiation but possibly also in resolution of inflammation (Kubes et al. 1993 , Gotis-Graham et al. 1998 , Woolley 2003 , it is likely that a role for ANXA1 in this cell type will soon emerge.
Fibroblast/ Synoviocyte -The original work of Hirata et al. (1981) described the ability of inhibiting phospholipase A 2 activity in stimulated 3T3 mouse fibroblasts by a purified preparation of ANXA1. Subsequent work demonstrated the ability of this cell type to respond to GC incubation with over-expression of ANXA 1 (Phillips et al. 1989) . Consistently, anti-ANXA1 antibodies reversed the inhibitory effect of dexamethasone on arachidonate release (Hirata et al. 1981) . Activation of human skin fibroblasts provokes intracellular re-location of several annexins, including ANXA1 (Barwise et al. 1996) , probably with the ultimate effect of controlling cell activation and lipid metabolism (Errasfa et al. 1985) . Recent analysis of the phenotype of ANXA1 null fibroblasts confirms this role for the endogenous protein . The lung-derived fibroblasts lacking ANXA1 display a more elongated phenotype and had augmented arachidonic acid metabolism, due to higher expression of cytosolic phospholipase A 2 and cyclo-oxygenase 2. Ex-vivo analysis of human rheumatoid synovium indicated marked ANXA1 staining in macrophage-like, but not fibroblastlike, synoviocytes (Goulding et al. 1996a) ; however more recent proteomic approach found detectable ANXA1 levels in fibroblast-like synoviocytes collected from rheumatoid arthritis patients (Dasuri et al. 2004 ). Finally, in line with the pharmacological data, it is likely that ANXA1 receptor(s) also exist on fibroblasts, since binding of the protein is modulated by cell activation as seen during active disease, e.g. rheumatoid, compared to cells prepared from the synovium of osteoarthritic patients (Sampey et al. 2000) .
Conclusion
We have reviewed here the current knowledge on ANXA1 biology with respect to cells involved in the inflammatory process. Despite brief descriptions of the pattern of expression of ANXA1 and its possible modulation by GC or inflammation, we have tried to place more emphasis on the pharmacological effects that have been ascribed to the protein and/or its peptido-mimetics. With few exceptions (e.g. the neutrophil and perhaps the epithelial cell) it is clear that much more must be done. The convenience of the bioactive ANXA1 N-terminal-derived peptides or the antiflammins could contribute towards defining specific pharmacological effects, that perhaps in the past have been hampered by the lack of recombinant protein. In addition, the recent notion that ANXA1 effects might be mediated by members of the FPR family, possibly ALXR (at least in human systems), may further aid the development of novel therapeutics based on the ANXA 1 pathway. Annexin 1 anti-inflammatory actions • Ahmad M Kamal et al. tect against experimental myocardial ischemia-reperfusion: analysis of their mechanism of action. FASEB J 15: 2247-2256.
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